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DOCUMENT- IDENTIFIER: US 6252405 Bl 

TITLE: Temperature compensated NMR magnet and method of operation therefor 
Ahflt-.rart Paragraph Left (1) : 

An MPT system includes a magnet which produces the main polarizing magnetic field. 
Variations in strength of this field are corrected by a temperature compensation 
system that calculates a compensating flux needed to maintain the field at constant 
strength. The compensating flux is calculated from changes in sensed magnet 
temperature and a magnet temperature coefficient. One or more correction coils are 
wound around the magnet and driven with the current necessary to produce the 
compensating flux. 

Rrief Summary Paragraph Right (1) : 

This invention relates to nuclear magnetic resonance (NMR) imaging systems and 
methods and, more particularly, to systems and methods which compensate nmr image 
quality fnr temperature effects on the NMR system magnet. 

Brief Summary Paragraph Right (2) : 

In the past, the NMR phenomenon has been utilized by structural chemists to study, 
in vitro, the molecular structure of organic molecules. Typically, NMR spectrometers 
utilized for this purpose were designed to accommodate relatively small samples of 
the substance to be studied. More recently, however, NMR has been developed into an 
imaging modality utilized to obtain images of anatomical features of live human 
subjects, for example. Such images depicting parameters associated with nuclear 
spins (typically spins of hydrogen protons associated with water in tissue) may be 
of medical diagnostic value in determining the state of health of tissue in the 
region examined. NMR techniques have also been extended to in vivo spectroscopy of 
such elements as phosphorus and carbon, for example, providing researchers with 
tools, for the first time, to study chemical processes in a living organism. The use 
of nmr to produce images and spectroscopic studies of the human body has 
necessitated use of specifically designed system components, such as the magnet, 
gradient and RF coils. 

Brief Summary Paragraph Right (3) : 

By way of background, the nuclear magnetin resnnanre phenomenon occurs in atomic 
nuclei having an odd number of protons or neutrons. Due to the spin of the protons 
and neutrons, each such nucleus exhibits a magnetic moment such that, when a sample 
composed of such nuclei is placed in a static, homogeneous magnetic field B.sub.O, a 
majority of nuclear magnetic moments align with the field to produce a net 
macroscopic magnetization M in the direction of the field. Under the influence of 
the magnetic field B.sub.O, the aligned magnetic moments precess about the axis of 
the field at a frequency dependent on the strength of the applied magnetic field and 
on the characteristics of the nuclei. The angular precession frequency .omega., also 
referred to as the Larmor frequency, is given by the Larmor equation 
. omega .=. gamma . B in which .gamma, is the gyromagnetic ratio (which is constant for 
each NMR isotope) and wherein B is the magnetic field (B.sub.O plus other fields) 
acting upon the nuclear spins. It is thus apparent that the resonant frequency is 
dependent on the strength of the magnetic field in which the sample is positioned. 

Rrief Summary Paragraph Right (4) : 

The orientation of magnetization M, normally directed along the magnetic field 
B.sub.O, may be perturbed by the application of magnetic fields oscillating at or 
near the Larmor frequency. Typically, such magnetic fields designated B.sub.l, are 
generated orthogonally to the direction of the B.sub.O field by RF pulses supplied 
through a coil connected to an RF transmitting apparatus. Under the influence of RF 
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excitation, magnetization M rotates about the direction of the B.sub.l, field. In 
nmr studies, it is typically desired to apply RF pulses of sufficient magnitude and 
duration to rotate magnetization M into a plane perpendicular to the direction of 
the B.sub.O field. This plane is commonly referred to as the transverse plane. Upon 
cessation of the RF excitation, the nuclear moments rotated into the transverse 
plane precess around the direction of the static field. The vector sum of the spins 
forms a precessing bulk magnetization which can be sensed by an RF coil. The signals 
sensed by the RF coil, termed nmr signals, are characteristic of the magnetic field 
and of the particular chemical environment in which the nuclei are situated. In 
magnetic rpsnnanrp imaging (MRX) systems, which are systems that employ NMR imaging, 
the nmr signals are observed in the presence of magnetic- field gradients which are 
utilized to encode spatial information into the signals. This information is later 
used to reconstruct images of the object studied in a manner well-known to those 
skilled in the art. 

Brief Summary Paragraph Right (5) : 

A common MMR imaging problem results from the temperature dependent nature 
concerning operation of nmr magnetic sources, such as a permanent magnet used to 
produce the B.sub.O field (the "B.sub.O magnet"). That is, temperature changes in 
the B.sub.O magnet alter the strength of the otherwise static B.sub.O field. 
Temperature changes are the ordinary consequence of temperature gradients in a 
testing room, such as may result from localized positioning of warm lights or air 
conditioning/heating vents. Temperature gradients may cause different parts of the 
magnet to have different temperatures . For example, warm lighting located in the 
ceiling may cause an upper part of a magnet to be warmer than its corresponding 
lower portion. Alternatively, the entire magnet may have the same temperature , but 
one that changes over time, such as when a room heats up or cools down over the 
course of a day. 

Brief Summary Paragraph Right (6) : 

Regardless of whether the B.sub.O magnet is subjected to localized or generalized 
temperature variation, it is desirable for NMR imaging to produce a homogeneous 
B.sub.O field of precise strength, typically for extended periods of time. However, 
normal temperature changes in the B.sub.O magnet (as discussed above) lead to 
undesirable variations in B.sub.O field strength, which changes the Larmor 
frequency, resulting in image degradation. 

Brief Summary Paragraph Right (7) : 

What is needed is a system and method to compensate for temperature changes in the 
B.sub.O magnet, thereby improving nmr image quality. 

Br.ief— Summary, Paragraph Right (8) : 

The invention permits maintaining consistent B.sub.O field strength, thereby 
improving nmr image quality. This is accomplished by determining temperature of the 
magnet providing the B.sub.O field. This temperature and a known coefficient are 
used to determine how much the B.sub.O field will vary (without flux compensation) 
from the desired B.sub.O field strength due to magnet temperature deviating from an 
ideal operating temperature . The known coefficient governs the relationship between 
magnet temperature and the impact of magnet temperature on the resulting B.sub.O 
field. A driver provides current through one or more correction coils around one or 
more portions of the magnet to furnish an amount and polarity of compensating flux 
appropriate to maintain B.sub.O field consistency, thereby compensating for 
temperature variation of the magnet and the associated impact on B.sub.O field 
strength. 

Drawing Description Paragraph Right (1) : 

FIG. 1 is a block diagram of an mrt system employing the invention; 
Drawing Description Paragraph Right (2) : 

FIG. 2 is a perspective view of a polarizing magnet for the MRT system of FIG. 1; 
Detailed Description Paragraph Right (1) : 

FIG. 1 illustrates the major components of a magnetic resonance imaging (MRX) system 
which incorporates the invention. System operation is controlled from an operator 
console 100 which includes a keyboard and control panel 102 and a display 104. 
Console 100 communicates through a link 116 with a separate computer system 107 that 
enables an operator to control the production and display of images on screen 104. 
The computer system includes a number of modules which communicate with each other 
through a backplane 109. These modules include an image processor 106, a CPU 108 and 
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a memory 113, known in the art as a frame buffer for storing image data arrays. 
Computer system 107 is linked to a disk storage 111 and tape drive 112 for storage 
of image data and programs, and communicates with a separate system control 122 
through a high speed serial link 115. 

Detailed npfirripf inn Paragraph Right (4) : 

A transceiver module 150 in system control 122 produces pulses that are amplified by 
an RF amplifier 151 and provided to RF coil 152 by a transmit /receive switch 154. 
The resulting signals radiated by the excited nuclei in the patient may be sensed by 
the same RF coil 152 and provided through transmit/receive switch 154 to a 
preamplifier 153. The amplified nmr signals are demodulated, filtered, and digitized 
in the receiver section of transceiver 150. Transmit /receive switch 154 is 
controlled by a signal from pulse generator module 121 to electrically couple RF 
amplifier 151 to coil 152 for the transmit mode and to couple preamplifier 153 to 
coil 152 for the receive mode. Transmit/receive switch 154 also enables a separate 
RF coil, for example, a head coil or surface coil, (not shown) to be used in either 
the transmit or receive mode. 

Detailed Description Paragraph Right (5) : 

The nmr signals picked up by RF coil 152 are digitized by transceiver module 150 and 
transferred to a memory module 160 in system control 122. When the scan is completed 
and an entire array of data has been acquired in memory module 160, an array 
processor 161 operates to Fourier transform the data into an array of image data. 
These image data are conveyed through serial link 115 to computer system 107 where 
they are stored in disk memory 111. In response to commands received from operator 
console 100, these image data may be archived on tape drive 112, or may be further 
processed by image processor 106 and conveyed to operator console 100 for 
presentation on display 104. 

Detailed Description Paragraph Right (7) : 

A temperature compensation system 180 determines the requisite amount and polarity 
of flux to add to the static B. sub. 0 field produced by polarizing magnet 140 to 
compensate for temperature - induced variation in the B.sub.O field and to maintain 
B.sub.O field homogeneity. In making this determination, system 180 senses 
polarizing magnet temperature to determine its deviation from ideal operating 
temperature . Alternatively, Larmor frequency may be sensed to establish deviation 
from ideal Larmor frequency, as this frequency difference is related to deviation 
from ideal operating temperature for polarizing magnet 140. From the amount of 
deviation from ideal temperature or ideal Larmor frequency, and utilizing a stored 
coefficient governing the impact of these deviations on B.sub.O field strength, 
system 180 computes compensation flux and provides suitable current through one or 
more correction coils (shown in FIG. 2) which wrap around polarizing magnet 140 to 
produce the desired compensation flux and/or are located on the gradient assembly 
139 or RF assembly 152. 

Detailed Dfiflrri pt i on Paragraph Right (8) : 

FIG. 2 is a simplified representation of polarizing magnet 140, used to produce the 
main polarizing magnetic field or B.sub.O field 168, and may also be referred to as 
"B.sub.O magnet 140." Magnet 140 includes two opposing permanent magnets, namely 
upper magnet 162 and lower magnet 164, separated by an imaging volume 170 (or gap) , 
thru which B.sub.O field 168 passes. B.sub.O magnet 140 may comprise any 
conventional magnetic source for B.sub.O field 168, such as an iron- core -resistive 
electromagnet or a superconducting magnet, though permanent magnets are typically 
used. Permanent magnets are particularly susceptible to temperature -driven 
variations, as manifested in the B.sub.O field which they produce. Thus, permanent 
magnets 162 and 164 typically have conventionally determined coefficients which 
govern the relationship between magnet temperature and B.sub.O field 168 which they 
produce. This change in B.sub.O field 168 as a function of magnet temperature is 
expressed as a temperature coefficient which is measured or is provided by the 
magnet supplier. 

Detailed Description Paragraph Right (14) : 

Operation of temperature compensation system 180 is represented by FIG. 4. To 
simplify the discussion of system operation, reference is made simply to B.sub.O 
magnet 140, understanding that all of the different forms that it may take 
(including the pair of opposing magnets 162 and 164 from FIG. 2) may be used in the 
system. 

Detailed Description Paragraph Right (15) : 
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As a first step 182, temperature of B.sub.O magnet 140 is conventionally obtained. 
For example, temperature at given locations may be obtained by use of infrared 
radiation sensors, or by temperature sensors 141, such as thermocouples or 
thermistors, placed on, or embedded in, one or more appropriate locations of B.sub.O 
magnet 140. Direct temperature readings taken at one or more locations of B.sub.O 
magnet 140 may also be used in conventional manner to extrapolate temperatures for 
various positions in B.sub.O magnet 140. 

Detailed Description Paragraph Right (16) : 

Alternatively, magnet temperature may be ascertained indirectly in temperature 
compensation system 180 by determining the difference in Larmor frequency under two 
conditions. Specifically, the Larmor frequency obtained under ideal operating 
conditions is compared with the Larmor frequency obtained under present operating 
conditions. The computed difference in Larmor frequency is attributable in large 
part to B.sub.O magnet 140 being at other than ideal operating temperature . This is 
understood by recalling that Larmor frequency is proportionately related to the 
magnitude of B.sub.O field 168, the strength of which is related to the temperature 
of B.sub.O magnet 140. 

Detailed PpRrriptinn Paragraph Right (17) : 

Now, the temperature of B.sub.O magnet 140 being known, this information is used at 
step 184 to determine the amount of B.sub.O field compensation required to maintain 
a uniform B.sub.O field 168. The relationship between the temperature of B.sub.O 
magnet 140 and the B.sub.O field which it produces is given by a 
temperature - to- fi eld-strength conversion coefficient (more simply referred to 
hereafter as the "TTFS coefficient") . This temperature coefficient can be measured, 
but it typically is provided by the magnet manufacturer and can be expressed in 
units of parts per million per degree Celsius ( PPM/ . degree . C). For example, 
B.sub.O magnet 140 may be a Neodymium Iron Boron (NdFeB) magnet. Such magnets are 
generally sensitive to temperature changes, and have a negative TTFS coefficient of 
approximately 0 . 13%/ .degree . C. or 1300 PPM/. degree. C. Here, PPM may refer to a 
ratio of B.sub.O field strength (e.g., micro-Tesla/Tesla, or micro-gauss/gauss) or a 
ratio of Larmor frequency (e.g., hertz/mega-hertz). 

Detailed Description Paragraph Right (18) : 

Thus, the amount of B.sub.O field compensation required for B.sub.O field 
homogeneity is determined using the change from ideal magnet temperature (or ideal 
Larmor frequency) and the TTFS coefficient for B.sub.O magnet 140. As part of this 
determination, if the temperature of B.sub.O magnet 140 increases, the strength of 
B.sub.O field 168 becomes reduced, necessitating addition of like polarity 
compensating flux to maintain the B.sub.O field constant. Alternatively, a 
temperature decrease for B.sub.O magnet 140 increases B.sub.O field magnitude, 
requiring employment of an opposing polarity compensating flux to maintain the 
B.sub.O field constant. 

Detailed Description Paragraph Right (21) : 

Whether a single driver is used in a series or parallel coil configuration, or even 
if multiple independent drivers are used, each configuration may be used to provide 
different quantities and/or polarities of compensation flux per correction coil 166. 
As suggested, it may be advantageous to have different flux compensation 
distributions (e.g., in a room having locally high temperatures in proximity to 
ceiling lighting) . 

CLAIMS : 

1. Apparatus for producing a substantially constant polarizing magnetic field in an 
nmr system, which comprises: 

a) a magnet for producing a static polarizing magnetic field that changes in 
strength as a function of magnet temperature; 

b) means responsive to temperature of the magnet during an imaging operation for 
determining a compensating flux based upon said temperature; and 

c) correct-inn coils for producing the determined compensating flux such that the sum 
of said compensating flux and the polarizing magnetic* field flux remains 
substantially constant as variations occur in magnet temperature . 

8 . The apparatus of claim 1 wherein the means responsive to temperature of the 
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magnet comprises temperature sensors. 

9. The apparatus of claim 8 wherein the temperature sensors are selected from the 
group consisting of thermocouples, thermistors, and infrared radiation sensors. 

10. A method of compensating for tpmpprahirs - induced variations in a static 
polarizing field produced by a magnet of an MRI system, comprising the steps of: 

a) sensing magnet temperature during an imaging operation; 

b) determining a compensating magnetic flux from the sensed magnet temperature and a 
magnet temperature coefficient; and 

c) supplying the compensating magnetic flux through a correction coil so as to 
combine the compensating flux with the polarizing field. 

13. Apparatus for producing a substantially constant polarizing magnetic field in an 
nmr system, which comprises: 

a) a magnet for producing a a tat -if! polarizing magnetic field that changes in 
strength as a function of magnet temperature ; 

b) means for measuring Larmor frequency and determining a compensating flux based 
upon any difference between larmor frequency during actual operating conditions and 
larmor frequency under ideal operating conditions; and 

c) a correction coil for producing the calculated compensating flux such that the 
sum of said compensating flux and the polarizing magnetic field flux remains 
substantially constant as variations occur in magnet temperature . 
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DOCUMENT- IDENTIFIER: US 6064206 A 

TITLE: Method of and device for determining a t-pmpprahirp distribution in an object 
by means of magnetic resonance 



Abstract Paragraph Left (1) : 

The invention relates to a method of determining, utilizing magnetic: resonance, a 

temperature distribution of a part of an object which is arranged in a substantially 
uniform stead y magnetic field, the determination of the temperature distribution 
involving the determination of a reference image of the object, for example a part 
of the human body, and a phase image of the human body. Subsequently, the 
temperature distribution is determined from phase differences between the values of 
pixels of the phase image and the values of corresponding pixels of a predetermined 
reference phase image. In order to counteract errors in the temperature distribution 
which are caused by motion of the object, navigator pulse sequences are generated so 
as to measure navigator signals prior to the measurement of MR signals wherefrom the 
reference image and the phase image are reconstructed. Subsequently, a correction 
for correction of the temperature distribution is derived from the navigator 
signals . 

Brief Summary Paragraph Right (2) : 

The invention relates to a method of determining a temperature distribution of a 
part of an object, arranged in a substantially uniform, steady magnetic field, by 
means of magnetic resonance, which method includes the following steps: excitation 
of spins in the part and measurement of MR signals, containing location-dependent 
information of the excited spins, by means of MR imaging pulse sequences, 
determination of a phase image of the part from the measured MR signals, 
determination of a tempera hire distribution of the part from phase differences 
between the values of pixels of the phase image and the values of corresponding 
pixels of a predetermined reference phase image . The invention also relates to a 
device for carrying out such a method. 

Brief Summary Paragraph Right (5) : 

A method of this kind is known from international patent application WO 25 94/23308. 
The known method is used, for example to determine a temperature distribution in a 
part of the human body. Such a part is, for example, a slice of the body which 
contains a tumor to be destroyed, said tumor being heated to a temperature beyond a 
limit temperature , in order to minimize the damage to other tissue of the body, it 
is necessary to have an accurate temperature distribution of the part available 
before and during the heating. This temperature distribution is formed by execution 
of the known method. For example, an ultrasonic source can be used to heat the 
tumor, the sound waves to be generated are then focused onto the part to be heated. 
In order to determine the temperature distribution of the part at a number of 
successive instants during the heating of the tumor, the reference phase image of 
the part to be heated is determined prior to the heating of the tumor, after which 
the MR signals of the part to be heated are measured by means of the MR imaging 
pulse sequences at the given instants during the heating. Subsequently, the phase 
image is reconstructed from the measured MR signals. The temperature distribution of 
the part to be heated is derived from the phase differences between the values of 
corresponding pixels of the reference phase image and the phase image. Subsequently, 
information derived from the temperature distribution obtained can be used to 
control the heating process, for example by determining the position of the heated 
location in the part from the temperature distribution. 

Rrief Summary P aragraph Right (6) : 

It is a drawback of the known method that the temperature distribution contains 
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errors which are caused by movement of the part of the body whose temperature 
distribution has been determined. 

Brief Summary Paragraph Right (7) : 

It is an object of the invention to reduce the errors in the temperature 
distribution which are caused by movement of the part of the body in the steady 
magnetic field. To this end, the method according to the invention is characterized 
in that it also includes the following steps: excitation of spins in a first 
reference part of the object, a motion of which is related to a motion of the part, 
and measurement of a navigator signal by means of a first navigator pulse sequence, 
and determination of a shift in a measuring direction of the first navigator pulse 
sequence from the measured navigator signal and a predetermined reference so as to 
determine a correction for correcting the temperature distribution. The invention is 
based on the idea that the movement of the object may cause different errors which 
contribute to the phase differences between corresponding pixels of the reference 
phase image and the phase image, the temperature distribution being determined from 
said phase differences. Analysis of the navigator signals, for which a modulus as 
well as a phase of the navigator signals are available, can produce information 
concerning the motion of the part to be heated or concerning other causes of errors 
in the temperature distribution, for example inhomogeneities of the steady magnetic 
field which are due to the presence of other parts of the object, such as a shoulder 
of the human body which is present in the steady magnetic field. Subsequently, the 
information obtained is used to apply a correction to the* temperature* distribution, 
for example a correction prior to or during the measurement of the MR signals or 
retrospectively, in which case the correction is applied to the temperature 
distribution at a later stage. 

Brief Summary Paragraph Right (8) : 

Navigator signals are known per se from U.S. Pat. No. 4,937,526. However, according 
to the method disclosed in the cited patent a motion correction is determined by 
means of navigator signals which are not measured independently of the MR signals 
for reconstructing an MR image. The navigator signals are also known from the 
international patent application WO-A-96116340 ; however, the method disclosed in the 
latter patent application is used to determine a correction for MR images which is 
derived by means of navigator signals measured in a reference part whose motion is 
related to the part whose temperature distribution is determined. The correction 
known from the latter patent application, however, does not relate to the correction 
of phases of temperature images. 

Brief Summary Paragraph Right (9) : 

A special version of the method according to the invention is characterized in that 
the method includes a step in which the correction is applied to the MR signals used 
to reconstruct the phase image in order to correct these signals for a shift of the 
slice. Thus, for example a correction can be made for frequency and phase errors 
which are dependent on the position of the part within the body and are caused by a 
temporally varying deviation in the steady magnetic field which is caused by a 
change of susceptibility in the object, for example a tissue transition such as the 
liver- lung transition in the human body. This correction can be made prior to or 
during the measurement of the MR signals. 

Bri ef Summary Paragraph Right (11) : 

pulse sequence succeeding the first navigator pulse sequence being corrected for the 
shift of the slice. As a result of this step, the spins of the part whose 
temperature is to be determined are excited in the shifted position. 

Brief Summary Paragraph Right (14) : 

A further version of the method according to the invention is characterized in that 
the method includes a step in which the correction also includes a phase correction 
of a pixel of the temperature distribution of the slice in a first position, said 
phase correction being determined by a phase difference between a first measuring 
point of the reference, which corresponds to the first position, and a second 
measuring point of the navigator signal which corresponds to a second position of 
the part, said second position having been shifted in the measuring direction 
relative to the first position. Thus, a correct inn is made for a phase error which 
is caused by a temporally fixed deviation in the stead y magnetic field which is 
caused by another, non-moving part of the body, for example a shoulder, or is caused 
by a permanent inhomogeneity within the steady magnetic field, as opposed to the 
previously mentioned phase errors which are dependent on the position of the part 
within the body and are caused by a temporally varying deviation in the steady 
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magnetic field. 



Brief Summary Paragraph Right. (15) : 

A further version of the method according to the invention is characterized in that 
a cylindrical part is chosen as the first reference part. As a result, 2 DHF pulses 
can be used to generate navigator signals. The 2 DHF pulses are known from the 
article "A k-space analysis of small tip angle excitation", by J. Pauli et al, 
published in Journal of Magnet i r Ppsnnanrp 1989, No. 81, pp. 43-56. 

Brief Summary Paragraph Right (18) : 

The invention also relates to an MR device for measuring a ta a jnpejr.al:iirft distribution 
of a part of an object, characterized in that the control means are also arranged to 
measure, using a navigator pulse sequence, a navigator signal in a reference part of 
an object to be arranged in the MR device, a motion of said reference part being 
related to the part of the object whose temperature distribution is determined, and 
that the processing unit is also arranged to determine a shift in a measuring 
direction of the navigator pulse sequence from the measured navigator signal and a 
predetermined reference, and to determine a correction from the shift so as to 
correct the temperature distribution. 

Drawing Description Paragraph Right (6) : 

FIG. 4 shows a pencil -shaped reference part and the slice for which a temperature 
distribution is to be determined, and 

Detailed Description Paragraph Right (1) : 

FIG. 1 shows a magnetic resonance device. The magnetic resonance device includes a 
first magnet system 2, a second magnet system 3, a power supply unit 4, an RF 
transmitter and modulator 6, an RF transmitter coil 5, a transmitter- receiver 
circuit 9, a signal amplifier and demodulation unit 10, a processing unit 12, an 
image processing unit 13, a monitor 14 and a control unit 11. The first magnet 
system 2 serves to generate a steady magnetic field. The various gradient coils of 
the second magnet system 3 serve to generate additional magnetic fields having a 
gradient in the X, Y, Z directions, respectively. The Z direction of the co-ordinate 
system shown in FIG. 1 corresponds by convention to the direction of the steady 
magnetic field in the magnet system 2. The measuring co-ordinate system x, y, z to 
be used may be chosen independently of the X, Y, Z system shown in FIG. 1. In the 
context of the present application gradients are to be understood to mean temporary 
magnetic fields which are superposed on a steady magnetic field and cause a gradient 
in the steady magnetic field in three respective orthogonal directions. Generally 
speaking, a gradient in the first direction is referred to as a read-out gradient, a 
gradient in the second direction as a phase encoding gradient, and a gradient in the 
third direction as a selection gradient . 

Detailed Description Paragraph Right (2) : 

The gradient coils 3 are fed by the power supply unit 4. The RF transmitter coil 5 
serves to generate RF magnetic fields and is connected to the RF transmitter and 
modulator 6. A receiver coil is used to receive the magnetic resonance signal 
generated by the RF field in the object 7 to be examined, for example a human or 
animal body. This coil may be the same coil as the RF transmitter coil 5. The magnet 
system 2 encloses an examination space which is large enough to accommodate a part 
of the body 7 to be examined. The RF transmitter coil 5 is arranged around or on a 
part of the body 7 within the examination space. The RF transmitter coil 5 is 
connected to the signal amplifier and demodulation unit 10 via the 

transmitter-receiver circuit 9. The control unit 11 controls the RF transmitter and 
modulator 6 and the power supply unit 4 so as to generate special pulse sequences 
which contain RF pulses and gradients. The MR signals received by means of the 
receiver coil 5 are applied, via the transmitter-receiver circuit 9, to the signal 
amplifier and demodulation unit 10. The phase and amplitude provided by the signal 
amplifier and demodulation unit 10 are applied to the processing unit 12. The 
processing unit 12 processes the applied phases and amplitudes, by way of a 
transformation, to an image of the part of the body. Via the image processing unit 
13, the image can be visualized on the monitor 14. The MR device also includes an 
ultrasonic source 15 for heating the part of the body to be treated, for example a 
tumor in the liver. 

Detai IpH Description Paragraph Right (3) : 

The invention will be described in detail hereinafter, by way of example, on the 
basis of an MR method which utilizes an MR imaging pulse sequence, for example a 
gradient echo pulse sequence, for measuring MR signals of a part of the body 
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containing a zone to be heated, for example a slice in the liver which contains the 
tumor, the zone to be heated in the slice being adjusted in such a manner that it 
coincides with a part of the tumor. The gradient echo pulse sequence is known inter 
alia from "Practical NMR imaging" , by M. A. Foster and J. M. S. Hutchison, 1987, IRL 
Press . 



nRl-a-Mpri DpsrH pt i on Paragraph Right (5) : 

In order to enable a temperature distribution of the slice of the body to be 
followed in time, a reference image is formed prior to inducing a t-pmpprafnrp 
variation in the zone to be heated, after which a phase image is determined at 
predetermined instants. In order to determine the reference image, MR signals 140 of 
the slice are measured by means of said gradient echo pulse sequences 20. 
Subsequently, the reference phase image is determined from the measured MR signals 
by means of a two-dimensional Fourier transformation. Subsequently, a temperature 
variation is induced in the slice. 

Dp tail fid Description Paragraph Right (6) : 

In order to determine the phase image at one of the predetermined instants during or 
after the heating, for example 256 MR signals 140, originating from the slice to be 
imaged, are measured by means of 256 successive gradient echo pulse sequences 20. 
The phase image is determined from these MR signals by means of two-dimensional 
Fourier transformation. The ^pmpprat-nrp distribution of the slice imaged is derived 
from the phase differences between the values of corresponding pixels of the 
predetermined reference phase image and the phase image. Subsequently, the 
temperature distribution obtained can be visualized on the monitor 14 and used, for 
example to control the heating process. This is done, for example, to adapt the 
dimensions of the zone to be heated in the liver. This method is known from the 
cited WO 94/23308. 

Detailed Description Paragraph Right (7) : 

The temperature variation can be realized, for example by heating the zone to be 
heated by generating ultrasonic waves by means of an ultrasonic source 15 and by 
concentrating these waves on the part of the liver to be heated. Another possibility 
is to apply light to the zone to be heated, the light being generated by a light 
source (not shown) and being conducted to the zone to be heated via an optical 
conductor to be introduced into the body (not shown) . It is also to be noted that a 
temperature variation can also be realized by cooling the part of the body by means 
of cryo- ablation. Cryo-ablation is known from the article "Hepatic Cryosurgery with 
Intraoperative U.S. Guidance", published by F. T. Lee et al. in Radiology No. 202, 
1997, pp. 624-632. 

Detailed Description Paragraph Right (8) : 

In order to counteract deviations in the temperature distribution due to a motion of 
the body in, for example the z direction, the method according to the invention 
includes the measurement of navigator signals from a reference part by generating a 
navigator pulse sequence prior to the gradient echo pulse sequences 20, the 
reference part being chosen in such manner that the motion of the reference part is 
related to the part to be heated. FIG. 3 shows an example of a navigator pulse 
sequence . 

Detailed Description Paragraph Right (9) : 

FIG. 3 shows a navigator pulse sequence 30. The navigator pulse sequence 30 includes 
a two-dimensional (2D) RF pulse or a three-dimensional (3D) RF pulse for the 
excitation of spins in a cylindrical reference part, for example a first 
pencil-shaped reference part, and a read-out gradient. The 2D-RF pulse includes an 
excitation RF pulse 200 which has a flip angle . alpha .. sub . nav . A practical value 
used for .alpha. . sub. nav is, for example 10. degree.. The selective excitation of the 
first pencil-shaped reference part 40 is achieved by means of a first gradient 220 
and a second gradient 230 which are oriented perpendicularly to a direction of 
motion. In FIG. 3 the first and the second gradient are oriented in the x direction 
and the y direction, respectively. A 3D-RF pulse can be used instead of a 2D-RF 
pulse. The 2D-RF pulse and the 3D-RF pulse are known from the previously cited 
article "A k-space analysis of small tip angle excitation", by J. Pauli et al., 
published in Journal r>f Magnet ir* Ppsnnanrp 1989, No. 81, pp. 43-56. Using a third 
gradient 210, the spins are dephased and rephased so that an in-phase state is 
reached and a navigator signal 240 is measured a period of time . tau..sub.l after 
the excitation RF pulse 200. Frequency modulation of the navigator signal 240 is 
achieved by sustaining the third gradient. The third gradient 210 of the navigator 
pulse sequence 30 is oriented in a direction of motion of the first reference part 
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41 and will be referred to hereinafter as the navigator gradient. The direction of 
the navigator gradient is referred to as the measuring direction. In this example 
the measuring direction coincides with the z direction. Furthermore, the 
pencil-shaped reference part of the body 7 is chosen in such a manner that it 
contains a part of a lung and a part of the diaphragm of the body 7. A first version 
of the method will be described in detail hereinafter with reference to FIG. 4. 

Detailed DpRrript-inn Paragraph Right: (10) : 

FIG. 4 shows the first pencil-shaped reference part 40 and a slice whose temperature 
distribution is to be determined. An example of such a slice is a slice 41 of the 
liver in which a tumor 42 is located. In FIG. 4 the first reference part 40 is 
oriented in the z direction and the slice 41 extends substantially perpendicularly 
to the z direction. The reference part 40 may be, for example pencil -shaped. In 
order to acquire motion information from the slice, for example a first navigator 
signal of the first reference part is measured by generating a first navigator pulse 
sequence prior to a gradient echo pulse sequence which is generated so as to measure 
the MR signal which is used for the reconstruction of the reference image, and a 
second navigator signal of the first reference part by generating a second navigator 
pulse sequence prior to a gradient echo pulse sequence which is generated so as to 
measure an MR signal which is used for the reconstruction of the phase image. This 
combination of navigator pulse sequences and gradient echo pulse sequences will be 
described in detail with reference to FIG. 5. 

Detailed npsrri pti on Paragraph Right. (13) : 

applied to the temperature distribution when the shift in the measuring direction is 
known. 

Detailed Desori pt :i nn Paragraph Right (14) : 

In order to apply the correction to the temperature distribution, according to the 
first version of the invention the processing unit 12 derives a first motion 
correction signal 16 from the shift . delta . s . sub. z determined, a value of the first 
motion correction signal 16 then corresponding to a frequency correction ##EQU1## in 
which .gamma, represents the giro magnetic ratio, .delta. s. sub. z represents the 
shift in the measuring direction, and G.sub.z represents the selection gradient of 
the gradient echo pulse sequence 20. The first motion correction signal 16 is 
applied to a modulation input of the RF modulator 6, so that the RF modulator adapts 
a frequency content of the second RF pulse 100 1 of a gradient echo pulse sequence 
succeeding the second navigator pulse sequence, so that the zone to be imaged 
coincides with the moving slice 41 in the body to be imaged, and the zone to be 
imaged in the steady magnetic field follows a motion of the slice 41 to be imaged in 
the body. Using this adjustment of the first motion correction signal 16, 
subsequently the 256 MR signals for the reconstruction of the phase image are 
measured. Subsequently, using a two-dimensional Fourier transformation, the 
processing unit 12 reconstructs the phase image of the part 41 and the temperature 
distribution from the difference between the predetermined reference image and the 
phase image. When the shift . delta . s . sub . z exceeds a predetermined threshold value, 
it is also possible to abstain from generating gradient echo pulse sequences and to 
generate only the navigator pulse sequences until the shift . delta . s . sub. z drops 
below the predetermined threshold value. 

Detailed Description Paragraph Right (18) : 

A fourth version of the method according to the invention is used to determine a 
phase correction for the temperature distribution which provides a correction for a 
motion in the z direction and for a temporally constant deviation in the steady 
magnetic field which is caused by a magnetic field component. This constant 
deviation may be due to a part of the body which does not move relative to the 
steady magnetic field, for example a shoulder of the body. Another cause of said 
deviation is, for example an inhomogeneity of the steady magnetic field. In order to 
determine the latter phase correction, the processing unit 12 determines two phase 
sequences . PHI . . sub . navl (z) , . PHI . . sub . nav2 (z) , using a one -dimensional Fourier 
transformation, from the measured first and second navigator signals z. sub. navl, 
z.sub.nav2 240, 240 1 . These phase sequences contain the phase of the navigator 
signal as a function of the distance in the z direction along the first 
pencil-shaped reference part 40. The processing unit 12 subsequently performs a 
phase correction in conformity with the formule 
. PHI . ' (x. sub. i,y . sub. j ) = . PHI . (x. sub. i,y. sub. j ) + ( . PHI. . sub. navl 

(z . sub. 1) - . PHI . . sub.nav2 (z.sub.2)), where . PHI . (x. sub. i, y . sub. j ) represents the 
phase of a pixel (x. sub. i, y. sub. j ) of the temperature distribution, 
.PHI. 1 (x. sub.i,y.sub. j ) represents the phase of a pixel (x. sub. i,y . sub. j ) of the 
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corrected temperature distribution, . PHI . . sub . navl represents the phase sequence of 
the second navigator signal z. sub. navl 240, and . PHI. . sub.nav2 represents the phase 
sequence of the second navigator signal z.sub.nav2 240', for all points 
(x.sub.i,y.sub.j) of the temperature distribution of a slice in a position z.sub.l 
for a shift by .delta . s . sub. z to a second position z.sub.2 in the measuring 
direction. As a result of the correction applied to all pixels of the temperature, 
distribution, the phase of a pixel (x. sub. i, y . sub. j ) of the temperature distribution 
of the slice 40 is corrected by the correction determined by a phase difference 
between a first measuring point of the first navigator signal z. sub. navl 240, 
corresponding to the first position z.sub.l of a pixel of the slice, and a second 
measuring point of the navigator signal z.sub.nav2 240*, corresponding to a second 
position z.sub.2 of the voxel, said second position z.sub.2 having been shifted in 
the first measuring direction relative to the first position. In this example the 
correction can also be achieved by determining a fourth motion correction signal 
from the phase correction and adding the fourth motion correction signal to the 
third motion correction signal 18 . 

Detailed Description Paragraph Right (19) : 

In order to correct a phase variation due to a motion in an arbitrary direction as 
caused by temporally fixed deviations, use is made of a fifth version of the 
invention in which the processing unit 12 determines the phase sequences 
. PHI. x. sub. navl (x) , . PHI .x. sub.nav2 (x) , . PHI .y. sub. navl (y) , . PHI . y . sub . nav2 
(y) , .PHI. z. sub. navl (z) , . PHI . z . sub.nav2 (z) from the first to the sixth navigator 
signal x. sub. navl, x.sub.nav2, y. sub. navl, y.sub.nav2, z. sub. navl, z.sub.nav2, where 
. PHI. x. sub. navl (x) , . PHI .x. sub. navl (x) represent phases of the measured third and 
fourth navigator signals x. sub. navl, x.sub.nav2 in a position x along the second 
pencil-shaped reference part 43, . PHI . y . sub . navl (y) , . PHI ,y. sub. navl (y) represent 
phases of the measured fifth and sixth navigator signals y. sub. navl, y.sub.nav2 in a 
position y along the third pencil-shaped reference part 44, and . PHI . z . sub. navl (z) , 
.PHI. z. sub. navl (z) represent phases of the measured first and second navigator 
signals z. sub. navl, z.sub.nav2 in a position z along the first pencil-shaped 
reference part 40. The phase correction for a pixel (x. sub. i, y . sub. j ) of the 
temperature distribution of a slice in a first slice position 

(x. sub. 1, y . sub. 1, z . sub. 1, ) whereto the reference image corresponds for a shift to a 
second slice position (x.sub.l, y. sub. 1, z . sub. 1) whereto the phase image corresponds 
is then determined by . PHI . 1 ( i , j ) = . PHI . ( i , j ) + ( . PHI . x . sub . navl 

(x. sub. 1) - . PHI . x . sub . nav2 (x. sub. 2) + ( . PHI .y. sub. navl (y . sub. 1) - . PHI .y . sub.nav2 
(y.sub.2) ) + ( . PHI. z. sub. navl (z.sub.l) - .PHI . z . sub.nav2 (z.sub.2) ) , where .PHI. 1 (i, j) 
represents the corrected phase of a pixel (x. sub. i , y . sub. j ) of the temperature 
distribution, ,PHI.(i,j) represents the phase of a pixel (x. sub. i, y . sub. j ) of the 
temperature distribution, . PHI . x . sub . navl (x.sub.l) represents the phase of the 
third navigator signal x. sub. navl in the position x.sub.l, . PHI . x. sub. nav2 (x.sub.2) 
represents the phase of the fourth navigator signal x.sub.nav2 in the position 
x.sub.2, . PHI. y. sub. navl (y.sub.l) represents the phase of the fifth navigator 
signal y. sub. navl in the position y.sub.l, . PHI .y . sub .nav2 (y.sub.2) represents the 
phase of the sixth navigator signal y.sub.nav2 in the position y.sub.2, 
. PHI . z . sub. navl (z.sub.l) represents the phase of the first navigator signal 
z. sub. navl in the position z.sub.l, and . PHI . z . sub . nav2 (z.sub.2) represents the 
phase of the second navigator signal z.sub.nav2 in the position z.sub.2. 

Detailed Dfisrriph ion Paragraph Right (20) : 

In order to achieve a further reduction of the phase errors in the temperature 
distribution, shimming of the steady magnetic field can be performed at the area of 
the slice whose temperature distribution is to be determined. 

CLAIMS : 

1. A method of determining a temperature distribution of a part of an object, 
arranged in a substantially uniform steady magnetic field, by means of magnetic 
resonance, which method comprises the following steps: 

excitation of spins in the part and measurement of MR signals, containing 
location-dependent information of the excited spins, by means of MR imaging pulse 
sequences, 

determination of a phase image of the part from the measured MR signals, 

determination of a temperature distribution of the part from phase differences 
between the values of pixels of the phase image and the values of corresponding 
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pixels of a predetermined reference phase image, wherein the method also includes 
the following steps: 

excitation of spins in a first reference part of the object, a motion of which is 
related to a motion of the part, and measurement of a navigator signal by means of a 
first navigator pulse sequence, and 

determination of a shift in a measuring direction of the first navigator pulse 
sequence from the measured navigator signal and a predetermined reference so as to 
determine a correction for correcting the temperature distribution. 

3. The method of claim 2, wherein the correction also includes a phase correction of 
a pixel of the f-pmpprat-.Tire distribution of the part in a first position, said phase 
correction being determined by a phase difference between a first measuring point of 
the reference, which corresponds to the first position, and a second measuring point 
of the navigator signal which corresponds to a second position of the part, said 
second position having been shifted in the measuring direction relative to the first 
position. 

10. A method as claimed in claim 1, wherein the correction also includes a phase 
correction of a pixel of the temperature distribution of the part in a first 
position, said phase correction being determined by a phase difference between a 
first measuring point of the reference, which corresponds to the first position, and 
a second measuring point of the navigator signal which corresponds to a second 
position of the part, said second position having been shifted in the measuring 
direction relative to the first position. 

14. An MR device for measuring a temperature distribution of a part of an object 
comprising : 

means for sustaining a substantially steady magnetic field, 
means for generating magnetic field gradients, 
means for generating RF fields, 

means for receiving and processing the generated MR signals, 

control means for generating control signals for the means for generating magnetic 
field gradients and the means for generating RF fields, 

a processing unit for reconstructing a phase image from the processed MR signals and 
a temperature distribution from phase differences between values of corresponding 
pixels of the phase image and a predetermined reference phase image, and 

means for displaying a temperature distribution, wherein the control means are also 
arranged to measure, using a navigator pulse sequence, a navigator signal in a 
reference part of an object arranged in the MR device, a motion of said reference 
part being related to the part of the object whose temperature distribution is 
determined, and wherein the processing unit is also arranged to determine a shift in 
a measuring direction of the navigator pulse sequence from the measured navigator 
signal and a predetermined reference, and to determine a correction from the shift 
so as to correct the temperature distribution. 
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